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ZebraﬁshThe synthetic estrogen 17α-ethinyl estradiol (EE2) disturbs reproduction and causes gonadal malformation in
ﬁsh. Effects on the transcription of genes involved in gonad development and function that could serve as sensi-
tive biomarkers of reproductive effects in the ﬁeld is, however, not well known.We have studied mRNA expres-
sion in testes and liver of adult zebraﬁsh (Danio rerio) males treated with 0, 5 or 25 ng/L EE2for 14 days. qPCR
analysis showed that the mRNA expression of four genes linked to zebraﬁsh male sex determination and differ-
entiation, Anti-Mullerian Hormone,Double sex andmab-related protein, Sry-related HMG box-9a andNuclear recep-
tor subfamily 5 group number 1bwere signiﬁcantly decreased by 25 ng/L, but not 5 ng/L EE2 compared with the
levels in untreated ﬁsh. The decreased transcription was correlated with a previously shown spawning failure
in these males (Reyhanian et al., 2011. Aquat Toxicol 105, 41–48), suggesting that decreased mRNA expression
of genes regulating male sexual function could be involved in the functional sterility. The mRNA level of
Cytochrome P-45019a, involved in female reproductive development, was unaffected by hormone treatment.
The transcription of the female-speciﬁc Vitellogeninwas signiﬁcantly induced in testes.While testicular Androgen
Receptor and the Estrogen Receptor-alphamRNA levels were unchanged, Estrogen receptor-betawas signiﬁcantly
decreased by 25 ng/L EE2. Hepatic Estrogen Receptor-alphamRNA was signiﬁcantly increased by both exposure
concentrations, while Estrogen Receptor-beta transcription was unaltered. The decreased transcription of male-
predominant genes supports a demasculinization of testes by EE2 and might reﬂect reproductive disturbances
in the environment.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Endocrine disrupting chemicals (EDC), precipitated in the aquatic
environment frommunicipal sewage, industry and agricultural sources,
represent a health concern for ﬁsh and other water-living organisms
(Vos et al., 2000; Segner et al., 2003). The synthetic estrogen 17α-
ethinyl estradiol (EE2), commonly used in contraceptive pills and, Androgen Receptor; Cyp19a,
d protein; Dmy, master sex de-
ne disrupting chemical; ER-α,
, estrogen; EE2, 17α-ethinyl es-
ber 1b; qPCR, quantitative real
box-9; SRY, sex determining re-
2, Vitellogenin splice variant 2;
Technology and Environmental
en. Tel.: +46 8 6084717.
spillo).
. This is an open access article underhormone replacement therapy, is frequently found in efﬂuents from
sewage treatment plants (STP) and surface waters in concentrations
from less than 1 ng/L up to the 200-300 ng/L range (Kolpin et al.,
2002; Hannah et al., 2009; Laurenson et al., 2014).
The reproductive organs have been regarded as the main targets
for estrogenic EDC, causing alterations in reproductive capability and
physiology. Affected end points in adult zebraﬁsh (Danio rerio) include
morphological changes in gonads (Van den Belt et al., 2002, 2003),
reduction of fecundity and fertilization success (Santos et al., 2007), re-
tardation of germ cell maturation (Silva et al., 2012), reduced
gonadosomatic index (Van den Belt et al., 2004; Versonnen and
Janssen, 2004), as well as expression of the egg yolk precursor protein
Vitellogenin (Vtg) in male liver (Tyler et al., 1996; Cheek et al., 2001;
Henry et al., 2009; Chen et al., 2010). Studies on developing embryos
and larvae demonstrate high sensitivity to EE2 exposure (Van den Belt
et al., 2002; Hill and Janz, 2003; Weber et al., 2003; Cardinali et al.,
2004; Maack and Segner, 2004; Nash et al., 2004). While effects on
adults are essentially reversible (Van den Belt et al., 2002; Maack andthe CC BY license (http://creativecommons.org/licenses/by/3.0/).
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effects on reproductive parameters such as gonad morphology, fertility
and fecundity (Van den Belt et al., 2003; Fenske et al., 2005). Other
treatment effects, such as decreased body weight, arrested gonadal de-
velopment and elevated Vtg levels may be partly recovered from, yet
the reversibility depends on timing, duration and concentration of EE2
exposure (Van den Belt et al., 2002; Maack and Segner, 2004; Schäfers
et al., 2007; Larsen et al., 2008; Xu et al., 2008a).
EE2 is capable of altering zebraﬁsh gonad development and sex dif-
ferentiation, and even cause sex reversal of males (Örn et al., 2003;
Weber et al., 2003; Brion et al., 2004). In zebraﬁsh all embryos develop
an immature ovary-like gonad prior to sex differentiation. The imma-
ture gonad undergoes a transition stage where it starts to develop into
either testis or ovary (Orban et al., 2009). The genetic mechanism be-
hind gonadal differentiation and sex determination in zebraﬁsh is un-
known. No sex chromosome or male/female-inducing master gene
has been found. However, several candidate genes have been proposed,
which have been linked to either zebraﬁsh sex determination or differ-
entiation (von Hofsten et al., 2005; Siegfried, 2010). Dmrt1 (double
sex and mab-3 related gene 1), Sox9a (Sry-related HMG box-9), AMH
(Anti-Mullerian Hormone) and NR5a1b (nuclear receptor subfamily 5,
group a, number 1b) aremale-predominant genes involved in the devel-
opment and maintenance of the male sex. Cyp19a (Cytochrome P450
19a) encodes the enzyme aromatase, which catalyzes the aromatization
of androgens to estrogens and is a key gene in ovarian differentiation in
teleosts. As no sex chromosome has been found, it seems less likely that
sex is determined by a single gene, rather the collective gene dosage and
temporal expression patterns seem to determine the gonadal sex (von
Hofsten and Olsson, 2005).
To date, there is a lack of biomarkers indicating exposure to
estrogen-like chemicals, especially demonstrating exposure of target
organs like the gonads. The hepatic egg-yolk precursor protein Vtg,
one of the few biomarkers (Kausch et al., 2008; Henry et al., 2009), is in-
duced in the liver in response to estrogens or xenoestrogen in adult
males and juveniles (Van den Belt et al., 2002; Matozzo et al., 2008).
The majority of studies on EE2 exposure in zebraﬁsh have included Vtg
quantiﬁcations of either plasma protein or hepatic mRNA (Schäfers
et al., 2007; Jin et al., 2008; Kausch et al., 2008; Soares et al., 2009;
Lange et al., 2012). Very few studies concern differences in expressions
of genes related to fertility and gonad function that could serve as bio-
markers more related to observed damage in reproductive organs. It is
vital to ﬁnd biomarkers that could identify effects of exposure during
several development stages, reﬂecting continuous environmental expo-
sure of aquatic populations. Genes regulating gonadal differentiation as
well as maintenance of reproductive functions are good candidates for
this purpose, as effects of developmental exposure could be expected
to be persistent.
In search for candidate biomarkers related to fertilization and repro-
duction, we have studiedmRNA expression of genes involved in sex dif-
ferentiation, maintenance of gonadal function and hormone regulation
in testes of adult zebraﬁsh males exposed to 0, 5 or 25 ng/L EE2 for
14 days. A previous study of these males has shown reduced fertility
and effects on non-reproductive behavior in response to the EE2 treat-
ment (Reyhanian et al., 2011). Here we follow up the ﬁndings of re-
duced fertility with studies of transcription of genes related to gonadal
function. We found a signiﬁcant downregulation of transcription of
male-predominant genes, suggesting that the hormone treatment
might cause a demasculinization of the testes.
2. Materials and methods
2.1. Animals and treatments
As reported in a previous study (Reyhanian et al., 2011), adult male
zebraﬁsh (AB strain) from the Karolinska Institute Zebraﬁsh Core
Facility, Huddinge, Sweden, were kept in tap water (25–27 °C, pH 7.8,conductivity 20.7 mSi) with 12 h light/12 h dark cycles, and fed twice
daily with Sera dry ﬂakes (Vipan, Germany) and Artemia nauplii
(Artemia International LCC, USA). Groups of 30 males each were ex-
posed for two weeks to 0, 5 and 25 ng/L EE2 (Sigma Aldrich,
Germany) in separate 30 × 50 × 38 cm glass tanks in a ﬂow-through
system. The ﬂow rate was set to 200 mL/min corresponding to a steady
state of 16 L in each tank. Stock solutions were kept in dark bottles at
4 °C. From the stock solutions, fresh solutions in dark bottles were
made every other day containing EE2 at concentrations 2 and 10 μg/L
EE2 in 0.4% Acetone. These solutions were mixed with pre-heated
tap water via peristaltic pumping through silicon tubing. The pump
ﬂow rates were adjusted to ﬁnal nominal concentrations of 0, 5 and
25 ng/L EE2 in 10 ppm acetone (400 fold dilution). No physical signs
of negative health effects were observed, and all ﬁsh survived the
two-week treatment period.
2.2. Determination of EE2 in water samples
Water samples (100 mL) were collected once per week from each
treatment tank during the exposure and stored in darkness at−20 °C.
50 mL of the water samples were extracted on 100 mg Strata X-33 μ
Polymeric Reversed Phase cartridges according to themethod described
by Volkova (Volkova et al., 2012) except that preconditioning of the car-
tridge was performed only with MeOH. The water samples were ana-
lyzed for EE2 using an LC system (Dionex ultimate 3000, Thermo
Scientiﬁc, San Jose, CA, USA) coupled to a triple quadruple mass spec-
trometer (TSQ Vantage, Thermo Scientiﬁc). The quantiﬁcation range of
the method was 1–100 ng/L of EE2 in aquaria water. EE2-d4 was used
as the internal standard.
2.3. Tissue handling
Of the 30 ﬁsh per treatment group used for behavior studies
(Reyhanian et al., 2011), 15 ﬁsh from each group were sacriﬁced at
14 days directly after the behavior tests. Organs were isolated for the
analysis of gene expression. Fish were sacriﬁced by anaesthetization in
0.5‰ 2-phenoxyethanol (Sigma-Aldrich, Sweden) followed by decapi-
tation. Testes (15/group) and livers (5/group) were dissected and im-
mediately frozen at −80 °C in RNA later (Sigma-Aldrich) to be used
for the current gene expression study by qPCR.
All experiments and ﬁsh husbandry were performed according to
the Swedish Animal Care legislation, approved by the Southern
Stockholm Animal Research Ethics Committee (Stockholms Södra
Djurförsöksetiska Nämnd, Dnr S130-09).
2.4. RNA isolation and reverse transcription
Zebraﬁsh gonads and livers were homogenized in 0.8mL TriReagent
(Sigma-Aldrich, Germany). RNA isolation was performed according to
the manufacturer's protocol. Total RNA was quantiﬁed using NanoDrop
ND-1000 Spectrophotometer and the quality was veriﬁed by absor-
bance ratio 260/280 nm. cDNA was obtained from 0.5 μg RNA/sample
using Quantitec Reverse Transcription Kit (Qiagen, Germany).
2.5. Reverse transcription
The Reverse Transcriptase-PCR was carried out by using HotStarTaq
PlusMasterMix Kit (Qiagen, Germany), with the PCR reactions contain-
ing the following: 10 μL Mastermix, 3 μL forward primer, 3 μL reverse
primer, 1 μL cDNA template (350 ng RNA). The cycling parameters
were set according to manufacturer's recommendations.
2.6. Quantitative Real-Time PCR
The transcription of the different zebraﬁsh genes was analyzed by
quantitative real-time PCR (qPCR) using Bio-Rad iCycler, MyIQ single-
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were either taken from previously published articles that are available
on GenBank or were designed with Primer-BLAST primer designing
tool (Table 1). The samples were normalized to the mRNA expression
of the housekeeping gene 18s RNA (18a small ribosomal unit RNA) as in-
ternal reference, which has been previously shown not to be affected by
EE2 exposure (Salierno and Kane, 2009). All primer sets were tested for
speciﬁcity using Reverse Transcriptase-PCR and zebraﬁsh wild type
adult male cDNA as template to verify production of a single band of
the predicted size. Originally, primers for Vtg1 were used, however
the primers did not work satisfactorily. Thus, we decided to continue
with primers for Vtg2, as Vtg1 and Vtg2 are the most abundantly
expressed of the seven Vtg genes, with comparable tissue distribution
(Wang et al., 2005; Henry et al., 2009).
Sybr mix qPCR reactions contained: 0.3 μM forward and reverse
primer, 1× Sybr Green master mix (Qiagen, Germany), and 5 μL cDNA
template transcribed from a ﬁxed amount of total RNA (350 ng),
in a ﬁnal volume of 25 μL. All samples were run in triplicates, using
96-wells PCR microplates (Axygen Biosciences, USA). Cycling parame-
ters were as follows: 95 °C × 15 min, then 35 cycles at 94 °C × 15 s,
57 °C × 30 s, and 72 °C × 30 s. Melting dissociation curve was per-
formed for each sample after ampliﬁcation at 95 °C × 20 s, 53 °C ×
1 min, 53 °C × 10 + 0.5 °C/repeat, in a total of 80 repeats.
2.7. Data analysis
All samples were run in triplicates, and a mean Ct value was obtain-
ed. The mean value was further used for quantiﬁcation according to the
2−ΔΔCt method (Livak and Schmittgen, 2001). The target gene tran-
scriptions were normalized to the internal control (18s rRNA). The
data for statistical analyses was expressed as relative mRNA expression
between themean of the target group relative to themeanof the control
group. Statistical analyses were performed with GraphPad Prism 5.0
and R (the R project for statistical analyses). Statistical differences
between experimental groups were determined by analysis of variance
(ANOVA) followed by Dunnett's post hoc test, testing exposure groups
with control group. Log transformations were performed when found
appropriate. Kruskal–Wallis one-way analysis by ranks followed by
Dunn's multiple comparison test was used when the data did not
follow normal distribution. Outliers were statistically determined by
QuickCalcs and excluded from analysis. The data is expressed as the
mean ± SEM, and differences were considered signiﬁcant at p ≤ 0.05
with ranks *p b 0.05, **p b 0.01, ***p b 0.001.Table 1
Primer sequences used for gene transcription analyses.
Gene Primer sequence Observed gon
Sox9a
(SRY-HMG box related gene 9)
5′-GCACTCGCCCAGCGAACACT-′3
3′-ACATCGCTGCTCAGCTCGCC-′5
Co-expressed
AMH
(Anti-Mullerian hormone)
5′-GGGTGTGCATGCTACAGAAGAT-′3
3′-CTCAGAAATGCAAACAGTCTGTGT-′5
Co-expressed
in adult.
NR5a1b
(Fushi tarazu factor-1d)
5′-CGCAGAGAAACCGCCTGCCT-′3
3′-GCGGCGTTCACCTGCTCGTA-′5
Co-expressed
in adult. Upre
Dmrt1
(Doublesex and mab-3 related
transcription factor 1)
5′-ATGGCAGAGCAGAACGATTT-′3
3′-TAGTCCCACAACAGCATGGA-′5
Three splice
and different
Vtg2
(Vitellogenin 2)
5′-GGTGACTGGAAGATCCAAG-′3
3′-TCATGCGGCATTGGCTGG-′5
Splice variant
Cyp19a
(CytochromeP450 aromatase 1a)
5′-GTCTATTCTGGTGGCTCTGCTGT-′3
3′-GTTGGTTTGCGGGATGTTTT-′5
Ovary-enhan
differentiatio
AR
(Androgen receptor)
5′-AGCAGCAGCACCACTACCA-′3
3′-TTCCTTCCTGCCTCTCGTTC-′5
Mainly expre
during differ
ER-β
(Estrogen receptor beta)
5′-TGATTAGCTGGGCGAAGA-′3
3′-TATCCAGCCAGCAGCATT-′5
Expressed in
different dev
ER-α
(Estrogen receptor alpha)
5′-AAACACAGTCGGCCCTACAC-′3
3′-GCCAAGAGCTCTCCAACAAC-′5
Expressed in
different dev
18s RNA
(18s, small ribosomal unit RNA)
5′-AATGTCTGCCCTATCAACTTTC-′3
3′-TGGATGTGGTAGCCGTTTC-′5
Expressed in
in qPCR3. Results
3.1. EE2 concentrations
Each water sample was extracted and analyzed in duplicate when
the sample volume was sufﬁcient (the ﬁrst control and the second
5 ng/L sample did only permit singlemeasurements) and themean con-
centration is presented. The concentration in aquaria water without
added EE2 was less than 1 ng/L. In the 5 ng/L samples, 5.2 and 5.5 ng/L
EE2 was recorded at the ﬁrst and second sample point, respectively,
while the corresponding concentrations from the 25 ng/L treatment
was 22.0 and 22.9 ng/L EE2. As the deviation from the nominal concen-
trations are small, they have not been adjusted to actual concentrations.
3.2. mRNA expression of male-predominant genes
Four genes predominantly expressed in male zebraﬁsh were ana-
lyzed to determine their transcription levels in testes after EE2 treatment
(Fig. 1). 25 ng/L EE2 signiﬁcantly decreased the transcription of all four
genes; Sox9a (n; ctrl 11, 5 ng 12, 25 ng 14, p = 0.0017, F2,34 = 7742,
Dunnett's p b 0,01), AMH (n; ctrl 12, 5 ng 12, 25 ng 13, p b 0.0002,
Kruskal–Wallis statistic3 = 17,18, Dunn's p b 0.001), NR5a1b (n; ctrl
12, 5 ng 13, 25 ng 13, p = 0,0001, F2,35 = 14,42, Dunnett's p b 0.001)
and Dmrt1 (n; ctrl 11, 5 ng 12, 25 ng 14, p = 0.001, F2,34 = 8594,
Dunnett's p b 0.001). The mRNA expression levels in ﬁsh treated with
5 ng/L EE2 were not signiﬁcantly altered for any of the genes.
3.3. mRNA expression of female-predominant genes
Fig. 2 shows the testicular mRNA levels of genes with female-
predominant expression. The transcription of Cyp19a, which is pre-
dominantly expressed in the ovary, was, although higher in both
EE2-treated groups, not signiﬁcantly different from control levels
(n; ctrl 12, 5 ng 12, 25 ng 13, p N 0.05, F2,34 = 1,08). Both concentra-
tions of EE2 treatment, 5 ng/L EE2 and 25 ng/L EE2 gave rise to signif-
icantly increased testicular mRNA levels of the egg yolk protein
precursor Vtg2 (n; ctrl 12, 5 ng 12, 25 ng 14, p b 0.0001, F2,34 =
23,92, Dunnett's p b 0.001).
3.4. mRNA expression of steroid hormone receptors
In Fig. 3, mRNA levels of steroid hormone receptors are shown. Com-
pared with controls, the testicular Estrogen Receptor-beta (ER-β) mRNAadal mRNA expression pattern in zebraﬁsh Reference
with AMH and FF1d in presumptive Sertoli cells. (PrimerBlast)
with FF1d and Sox9a. Testis-enhanced expression (Schantz and Bowman, 1989)
with AMH and Sox9a. Testis-enhanced expression
gulated during testis differentiation.
(PrimerBlast)
variants with an essential role in testis formation
ial expression in adult gonads.
(Schantz et al., 1996)
of female-predominant egg yolk precursor protein. (Fernandez-Galaz et al., 1997)
ced expression in adults. Downregulated during testis
n.
(Jin et al., 2009b)
ssed in adult testis Sertoli cells. Upregulated
entiation of testis.
(Schantz et al., 1996)
both testis and ovaries varying in abundance at
elopmental stages.
(Arukwe et al., 2008)
both testis and ovaries. Varying in abundance at
elopmental stages.
(Arukwe et al., 2008)
all cells. Is commonly used as housekeeping gene (Salierno and Kane, 2009)
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ng 14, p = 0.0049, F2,35 = 6,21, Dunnett's p b 0.01), but not by 5 ng/L
EE2. Testicular transcription levels of ER-αwere not signiﬁcantly differ-
ent in either the 5 ng/L or the 25 ng/L EE2 treatment group (n; ctrl 12, 5
ng 12, 25 ng 14, p N 0.05, F2,35 = 1418). Levels of Androgen Receptor
(AR) mRNA from ﬁsh treated with 5 ng/L or 25 ng/L EE2 did not
differ from the levels in control (n; ctrl 12, 5 ng 13, 25 ng 14, p N 0.05,
F2,36 = 1549).
3.5. Hepatic mRNA expression of estrogen receptors
Fig. 4 shows the transcription of the hepatic estrogen receptors
(n; ctrl 4, 5 ng 5, 25 ng 5). Hepatic ER-βmRNA expression was not dif-
ferent by treatment compared to controls (n = 5, p = 0.049, F2,11 =
3985). Hepatic ER-α mRNA expression levels were however signiﬁ-
cantly increased (n; 5, p = 0026, F2,11 = 10,72) by both 5 ng/L
(Dunnett's p b 0.01) and 25 ng/L EE2 (Dunnett's p b 0.05). The hepat-
ic Vtg2mRNA expression has been previously presented (Reyhanian
et al., 2011) as a marker of EE2 treatment efﬁcacy on these animals.
4. Discussion
In search for biomarkers related to fertility and gonadal function, we
examined the transcription levels of 9 genes in testes of EE2-treated
adult zebraﬁsh males. We found coordinated down regulation of tran-
scription of four genes involved in male zebraﬁsh sex determination,
in the ﬁsh treated with 25 ng/L but not at the lower dose, 5 ng/L
(Fig. 1). This might suggest that the detection level for EE2 on transcrip-
tion of these gonadal genes lies between 5 and 25 ng/L. Further studies
are necessary to verify that the altered transcription result in similar
changes at the protein level.
Effects on fertility on adult exposure have been shown by 5 ng/L EE2
(Santos et al., 2007), but not constantly so (Nash et al., 2004). We have
previously shown that the fertility of the males studied in the current
experiment was unaffected by 5 ng/L but severely affected by 25 ng/L,
as this treatment resulted in total spawning failure (Reyhanian et al.,
2011). The concomitant effects on fertility and expression of male pre-
dominant genes in the ﬁsh treated with 25 ng/L might suggest that
the downregulation of genes involved in testis development and main-
tenance contributes to the functional sterility in these ﬁsh.
The decreased transcription of the male-predominant genes Sox9a,
AMH, NR5a1b and Dmrt1 by the higher EE2 concentration (Fig. 1)
might indicate demasculinization of the male gonads. All four genes
have a role in the development and maintenance of the male sex
(Siegfried, 2010). Zebraﬁsh Dmrt1 is of interest as a duplicated copy of
this gene is the master sex determination gene of the Y chromosome
(Dmy) in Japanese medaka (Matsuda et al., 2002). Dmy and the mam-
malian SRY (sex determining region Y) encode transcription factors and
are to date the only knownmaster sex determining genes in vertebrates
(Siegfried, 2010). The zebraﬁsh Dmrt1 contains a conserved DM-
domain found across vertebrates as well as invertebrates. In zebraﬁsh,
Dmrt1 mRNA is expressed in both testes and ovary, but at markedly
higher levels in the testes (Guo et al., 2005). The only known direct
target of the SRY transcription factor in mammals is sox9. Its role in
mammalian sex determination is well established (Siegfried, 2010),
however, its function in non-mammalian vertebrates is not as clear
(Siegfried, 2010). Zebraﬁsh have two sox9 paralogues, differently
expressed in the testes and ovary, sox9a and sox9b, respectively
(Rodríguez-Marí et al., 2005). Sox9a is expressed dimorphically in the
early gonad development and an up regulation in males occurs at later
stages of testicular development (Jorgensen et al., 2008). In mammals,
AMH is produced by Sertoli cells in the testes and causes the regression
of the female-speciﬁc mullerian ducts (Sharpe, 2006). Teleosts lack
mullerian ducts, but AMH likely has other functions that play a role in
zebraﬁsh sex differentiation. AMH has a sexually dimorphic mRNA ex-
pression in the zebraﬁsh gonad at the onset of sex differentiation (vonHofsten et al., 2005). As sex differentiation becomes more distinct,
AMHmRNA expression becomes more restricted to the testis and is no
longer detected in ovaries (Siegfried, 2010). AMH displays a similar
mRNA expression pattern as sox9a during gonadal transformation.
They exhibit comparable expression patterns that are reciprocal to
that of the aromatase gene Cyp19a (Rodríguez-Marí et al., 2005). This
indicates that these genes may have a corresponding relationship as in
mammals where AMH transcription is up regulated by sox9a, which in
turn leads to the down regulation of Cyp19a (Siegfried, 2010). The role
and function of NR5a1b is not fully elucidated, however it has been
shown to be co-expressed with AMH (von Hofsten et al., 2005).
NR5a1b gene transcription is in adult zebraﬁsh restricted to the brain,
gonad and liver, and is more highly transcribed in the testis than in
the ovary (von Hofsten et al., 2005).
No signiﬁcant effect on the transcription levels of the female-
predominant gene Cyp19a was observed (Fig. 2a). The Cyp19a gene in
zebraﬁsh is not regulated by estrogens via estrogen receptors and the
Cyp19a promoter does not contain an estrogen response element
(Trant et al., 2001). Reports on the effect of estrogens andxenoestrogens
on the Cyp19amRNA expression varies with different teleost species as
well as organ and developmental stage (Kishida and Callard, 2001;
Kazeto et al., 2004; Hinfray et al., 2006; Lee et al., 2006). It has been sug-
gested that Cyp19a acts upstream of estrogen, as treating fry with cyp19
inhibitors leads to repressed estrogen biosynthesis and skewed sex ratio
towards males (Fenske and Segner, 2004).
Exposing adults of both sexes to endogenous estrogen has been
shown to increase the transcription of ER-α in the liver and testes
(Chandrasekar et al., 2010; Meng et al., 2010). In this study, EE2 did
not alter transcription levels of the testicular ER-α (Fig. 3b), but signiﬁ-
cantly levels in the liver (Fig. 4b). The zebraﬁsh estrogen receptors ER-α
and ER-β are expressed in awide variety of tissues in the adult zebraﬁsh.
Their distinct roles in zebraﬁsh development andmaintenance are how-
ever not well characterized. Earlier studies have shown that hepatic Vtg
expression is tightly correlated to a direct E2-dependent upregulation of
ER-α gene transcription in the liver (Flouriot et al., 1996) while the
mRNA expression level of hepatic ER-β is strongly reduced (Menuet
et al., 2004).We could not observe decreased hepatic ER-β transcription
levels after EE2 treatment (Fig. 4a), but a signiﬁcant decrease in gonadal
ER-βmRNA expression at 25 ng/L ((Fig. 3a). It was, however, a smaller
sample size in the hepatic analysis, and a larger number of samples
could have signiﬁcantly veriﬁed the trend in mRNA expression of ER-β.
The female-predominant gene Vtg2 showed signiﬁcantly increased
testicular mRNA expression in both treatment groups (Fig. 2b). The
physiological relevance, if any, of testicular Vtg2 is however, unclear.
We have previously shown that the Vtg2 transcription in the liver,
where the egg yolk precursor protein is synthesized, was induced to
high levels in these ﬁsh (Reyhanian et al., 2011), verifying the efﬁcacy
of the hormone treatment.
Except for Vtg there are, to the best of our knowledge, few studies on
altered gene expressions in adult zebraﬁsh after EE2 exposure. EE2 in-
creased ER-α and ER-β expression in adult male liver, while testicular
ER-α was unchanged (Islinger et al., 2003; Jin et al., 2008, 2009a,
2010; Cotter et al., 2013). Various studies with microarrays on EE2-
exposed zebraﬁsh have been performed identifying several affected
pathways, with qPCR-veriﬁed increases of EE2 on Vtg1 and Cyp19b ex-
pression in embryos and hepatic expression of Vtg1, Vtg3 and ER-α in
adults (Martyniuk et al., 2007; Santos et al., 2007; Kausch et al., 2008;
Wit et al., 2010; Schiller et al., 2013). Gene expression studies duringde-
velopment on EE2-exposed zebraﬁsh include Cyp19a and Cyp19b on
whole-body RNA extracts or liver cells (Kazeto et al., 2004; Notch
et al., 2007; Notch and Mayer, 2013). Zebraﬁsh juveniles exposed to
low doses of EE2 showed a decrease in expression of AMH and Dmrt1
in whole-body extracts (Schulz et al., 2007), but no studies on adults
have been presented. One study of a mixture of estrogenic compounds
in adult zebraﬁsh testes and ovaries included a highdose EE2 (100 ng/L)
as a positive control and found no changes in testicular Cyp19a
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Fig. 1.mRNA expression of A) Sox9a, B)AMH, C)NR5a1b, D)Dmrt1 in testes of adult zebraﬁshmales treatedwith 0, 5 or 25ng EE2/L for 2 weeks. ThemRNAexpressionwas quantiﬁedwith
qPCR and normalized against themRNA expression of 18s RNA displaying the relative gene transcription levels. Data representmean± SEM analyzedwith ANOVA and Dunnett's post hoc
test for Sox9a, NR5a1b and Dmrt1, and median ± SEM analyzed with Kruskal–Wallis one way analysis by ranks for AMH; **p b 0.01, ***p b 0.001.
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Fig. 2.mRNA expression of the female-predominant genes A) Cyp19a, B) Vtg2 in testes of
adult zebraﬁsh males treated with 0, 5 or 25 ng EE2/L for 2 weeks. The mRNA expression
was quantiﬁed with qPCR and normalized against the mRNA expression of 18s RNA
displaying the relative gene transcription levels. Data represent mean ± SEM analyzed
with ANOVA and Dunnett's post hoc test; ***p b 0.001.
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et al., 2012). A behavior study onmale aggression and dominance hier-
archies in adult zebraﬁsh showed shifts in social ranks between domi-
nant and subordinate ﬁsh after 10 days of exposure to 10 ng/L EE2
(Filby et al., 2012). They also measured transcripts of various genes,
Cyp19a and AR amongst others, but as they only exposed dominant
males to EE2, little can be said in the context of comparing exposed to
non-exposed. One study of adult fathead minnow, however, showed
the expression of 22 genes in the liver and gonads after 21 days of 10
ng/L EE2 exposure (Filby et al., 2007). Several of the genes studied
here were included, and they found downregulated expression of
Dmrt1 and AMH, agreeingwith our results. We have not found any sim-
ilar study of testicular expression in zebraﬁsh exposed during
adulthood.
We have found that a brief adult exposure, albeit at a level not com-
monly found in nature affect fertility and expression of genes involved
in testicular development and function. In the wild, ﬁsh are exposed
during prolonged periods ranging from developmental stages to adult-
hood. It is well known that the period of gonad development and deter-
mination is a window of sensitivity to gonadal hormones and EDC both
in mammals and in ﬁsh (Hill and Janz, 2003; Maack and Segner, 2004;
Crews and McLachlan, 2006; Newbold et al., 2006). Reproductive pa-
rameters such as gonad morphology, spawning, fertility and fecundity
are permanently altered by estrogen exposure during development
(Nash et al., 2004; Schäfers et al., 2007; Larsen et al., 2009; Soares
et al., 2009). In nature, the complex patterns of exposure both during
development and as adults, might exaggerate temporal effects in adult-
hood by irreversible effects induced developmentally. It would be of
toxicological signiﬁcance to be able to identify multiple estrogenic in-
sults during the life cycle for the evaluation of reproductive risk. Vtg
has proven to be an accurate indicator of ongoing estrogenic exposures
in adults (Tyler et al., 1996; Kausch et al., 2008), but Vtg expression in-
duced by developmental exposure has been shown not to persist into
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Fig. 3.mRNA expression of steroid hormone receptor genes A) ER-β, B) ER-α, C) AR in tes-
tes and liver of adult zebraﬁsh males treated with 0, 5 or 25 ng EE2/L for 2 weeks. The
mRNA expressionwas quantiﬁedwith qPCR andnormalized against themRNA expression
of 18s RNA displaying the relative gene transcription levels. Data represent mean ± SEM
analyzed with ANOVA and Dunnett's post hoc test; **p b 0.01.
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mRNA expression has been found to be decreased by EE2 during devel-
opment (Schulz et al., 2007), but it has not yet been studied if it remains
suppressed in adulthood. Being closely related to male sexual develop-
ment, it is possible that their expressions are permanently altered con-
comitantly with observed chronic reproductive effects of
developmental exposure (Xu et al., 2008b; Larsen et al., 2009).
While 5 ng/L did not signiﬁcantly decrease the mRNA expression of
male-predominant genes or fertility, two non-sexual behaviors studied
in these ﬁsh, anxiety and shoaling, were affected by this dose of EE2
(Reyhanian et al., 2011). Our results thus suggest that the brain and
non-reproductive behavioral parameters are more sensitive to EE2 ex-
posure than fertility in zebraﬁsh exposed as adults.
In conclusion, this study shows down regulated transcription of
male-speciﬁc genes at an EE2 concentration shown to give rise to repro-
ductive failure in the males (Reyhanian et al., 2011). Although veriﬁca-
tion at the level of protein expression are necessary, the concomitantspawning failure and decreased transcription of genes important for
male sexual function suggest a relation. If so, the expression at different
levels of these genes might be relevant as biomarkers of disturbed re-
productive function.
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